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cellular signals, but how such a wide variety of signals cent findings reported by Guirland et al. in this issue
of Neuron and by Go´mez-Mouto´n in a recent issue ofis generated and how they work in combination is un-
known. For example, Netrin stimulates changes in intra- JCB support a direct role of lipid microdomains in
organizing spatial signaling during axon guidance andcellular calcium, phospholipase C, phosphatidylinositol
3-kinase, mitogen-activated protein kinase, and the cell chemotaxis by concentrating the gradient-sensing
machinery at the leading edge.small GTPases Cdc42 and Rac1 (reviewed in Guan and
Rao, 2003). While some of these signals certainly modu-
late the growth cone cytoskeleton directly, others likely The existence of discontinuous microdomains in the
affect distinct cellular processes such as protein synthe- plasma membrane of eukaryotic cells has been a topic
sis and degradation, as well as vesicle trafficking and ion of intense debate in recent years. Discrete plasma mem-
channel activity. These additional effects may ultimately brane domains with different properties could be impor-
feedback to amplify or modulate the intracellular signals tant for targeting specific components to different lo-
generated by receptor activation. Given the complexity cations in the cell and for compartmentalization of
of signaling networks that exists for individual guidance signaling pathways. As such, they could contribute to
cues, it is bewildering to imagine how growth cones in a variety of important biological processes, including
vivo integrate signals generated by simultaneous activa- endo- and exocytosis, signal transduction, cell polarity,
tion of multiple receptors. antigen recognition, cell adhesion and migration, axon
guidance, and synapse formation and function. The no-
tion that specific lipids, particularly cholesterol andTimothy M. Gomez and Estuardo Robles
sphingolipids, could serve to organize membranes intoDepartment of Anatomy
distinct microdomains has gained support from studiesUniversity of Wisconsin Medical School
using model lipid bilayers, detergent extraction, choles-Madison, Wisconsin 53706
terol depletion, and examination of the cellular distribu-
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cones turn toward the pipette, while chemorepellents
deflect growth cones away from it. In their experiments,
Guirland et al. found that the chemoattractant effect ofLipid Rafts as Organizing
a diffusible gradient of brain-derived neurotrophic factor
Platforms for Cell Chemotaxis (BDNF) could be eliminated upon disruption of lipid rafts
by membrane cholesterol depletion or by treatment withand Axon Guidance
the cholesterol-sequestering agent filipin or with the
ganglioside GM1, which perturbs raft stability. Although
cholesterol depletion has been shown to have a number
of effects on the overall integrity of the plasma mem-Lipid rafts are thought to serve as plasma membrane
platforms for localized trafficking and signaling. Re- brane, including the release of certain protein compo-
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nents, Guirland et al. showed that growth cone turning specifically, what is the spatial relationship between lipid
rafts and the receptors for guidance cues? Is this alteredresponses in cholesterol-depleted axons could be res-
cued by subsequent addition of low concentrations of in any way during turning responses? Guirland et al.
found that ligand treatment increased the levels of bothcholesterol, in agreement with a reversible effect of drug
treatment on lipid rafts. Interestingly, neither cholesterol the BDNF receptor TrkB and the netrin-1 receptor DCC
in detergent-resistant membranes, a biochemical surro-depletion nor sequestration had any effect on the net
growth rate of axons, which in the presence of BDNF gate of lipid rafts, and induced copatching between anti-
body-clustered receptors and lipid raft aggregates pro-was consistently increased compared to control condi-
tions. Thus, lipid rafts would appear to have a specific duced by clustering of GM1 gangliosides with the cholera
toxin B subunit. Thus, the relevant guidance receptorsrole in growth cone turning responses to a diffusible
gradient of BDNF but not in the overall ability of this appeared to be recruited to lipid rafts, at least as de-
tected by these two methods. But what about the turn-neurotrophin to promote axonal extension. In contrast,
however, treatment with GM1 abolished BDNF-induced ing? In their final experiment, Guirland et al. imaged
TrkB and GM1 gangliosides in situ in detergent-resistantaxonal growth in addition to blocking turning responses,
indicating possible effects of this ganglioside on BDNF membranes of growth cones before and after exposure
to a diffusible gradient of BDNF. The results showedsignaling events within the growth cone. In fact, an inter-
action between gangliosides and neurotrophin signaling that BDNF induced an asymmetric distribution of TrkB
receptors that colocalized with GM1 on the side of thehas been reported in a number of experimental para-
digms (Ferrari et al., 1995; Pitto et al., 1998), suggesting growth cone exposed to the chemotropic factor. Al-
though arguably a bit rough, the experiment does sug-that growth cones may not be able to appropriately
respond to BDNF in the presence of GM1. The importance gest that lipid rafts play a role in the spatial organization
of signaling platforms containing chemotropic recep-of lipid raft integrity for growth cone guidance was not
limited to chemoattraction, as growth cone repulsion by tors, and probably other downstream components,
within turning growth cones.gradients of netrin-1 or Semaphorin 3A was also blocked
after disruption of lipid rafts. This result is important, as it provides evidence for a
role of lipid rafts in mediating growth cone turning thatSo far so good, but the literature is already abundant
in examples of loss-of-function effects as a result of is not based on the use of cholesterol-depleting drugs
(but, alas, still relying on detergents), and as such war-cholesterol depletion. What makes the study of Guirland
et al. particularly special is their ability to distinguish rants future efforts for further refinement. For example,
novel FRET techniques (FRET stands for fluorescencebetween general or permissive versus direct or instruc-
tive roles of lipid rafts in guiding the directional re- resonance energy transfer) have been used to monitor
protein-protein interactions within lipid rafts in intactsponses of axons. Growth cone turning in response to
diffusible gradients of chemotropic substances is likely cells. Recently, using cells expressing fluorescent GPI-
anchored proteins, Sharma and colleagues appliedto involve asymmetric activation of membrane receptors
and localized intracellular signaling. Guirland et al. rea- homo- and hetero-FRET methods together with theoreti-
cal modeling to study the size and distribution of choles-soned that if lipid rafts have a direct role in the spatial
organization of asymmetric signaling in the growth cone, terol-dependent lipid microdomains in living cells
(Sharma et al., 2004). They found that about 20%–40%then localized disruption of lipid rafts on one side of
the growth cone should also create an asymmetry in of the GPI-anchored proteins formed very small (5
nm) cholesterol-sensitive clusters, each composed ofreceptor activation in axons growing in the presence of
uniform concentrations of guidance cues. Importantly, at most 4 molecules. These nanoscale clusters are argu-
ably as close as we have come so far of an objectivethat asymmetry should be of the opposite direction
to that created by a gradient of the same guidance definition of lipid microdomains. Due to their nonper-
turbing nature, sensitivity, and resolution, FRET-basedcue. That is exactly what they observed after focal
application of the cholesterol-depleting agent methyl- methods are likely to become the technology of choice
in future studies of lipid-dependent raft organization.-cyclodextrin (MCD) on one side of growth cones grow-
ing in an homogenous concentration of BDNF. Thus, Another issue that would need to be addressed is
whether gradients of guidance cues induce an asym-simply reverting the mode of application of the two sub-
stances resulted in the repulsion of growth cones away metric distribution of lipid rafts in the living growth cone.
This could be done by live imaging of cells expressingfrom the pipette containing MCD. Of note, focal applica-
tion of MCD had no effect on growth cone turning in the fluorescent GPI-anchored proteins as recently demon-
strated by Go´mez-Mouto´n and colleagues in their ele-absence of BDNF, indicating that MCD was not per se
acting as a repellent in this assay. Moreover, growth gant study on the role of lipid microdomains during leu-
kocyte chemotaxis (Go´mez-Mouto´n et al., 2004). Thesecones could be made attracted to the pipette containing
MCD by allowing them to grow in a uniform concentra- researchers had previously shown that depletion of
plasma membrane cholesterol-inhibited cell polariza-tion of netrin-1, thus ruling out unspecific or toxic effects
of focal application of MCD on turning responses. tion and migration in response to chemoattractants.
They had also observed that during chemotaxis, raftThese elegant results clearly demonstrate that local
signaling via lipid rafts mediates growth cone turning domains distributed asymmetrically in the cell, with GM3-
containing rafts enriched at the leading edge and GM1-responses to chemotropic cues. However, how do they
do it? Conceivably, lipid rafts could simply potentiate containing rafts at the rear or uropod, while chemoat-
tractant receptors accumulated only at the leading edgereceptor activation in response to ligand. On the other
hand, they could have a more direct role by organizing (Man˜es et al., 1999; Go´mez-Mouto´n et al., 2001). These
results had raised the possibility that lipid rafts may actasymmetric signaling across the growth cone in re-
sponse to gradients of chemotropic substances. More as signal amplification centers during cell polarization
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fact that nonraft transmembrane proteins distributed
homogeneously in cells undergoing chemotaxis would
argue in favor of an active mechanism of raft redistribu-
tion rather than membrane flow to the cell poles. A more
exciting possibility suggested by the studies of Guirland
et al. and Go´mez-Mouto´n et al. is the idea that redistribu-
tion of lipid raft components may be specifically impor-
tant for directional cell or growth cone movement and
perhaps less so for interactions between stationary
components. Thus, lipid raft mobilization and the ensu-
ing localized downstream signaling may be part of an
intrinsic three-dimensional cellular response to spatial
cues, a sort of “subcellular patterning” that allows the
cell to spatially integrate environmental cues coming
Figure 1. Spatial Organization of Signaling by Lipid Rafts from specific directions. This type of mechanism could
be of importance in a number of other processes involv-Lipid rafts (red) organize spatial signaling during growth cone guid-
ance (left) and cell chemotaxis (right) by concentrating the gradient- ing dynamic subcellular polarization of some sort, such
sensing machinery (green dots) at the leading edge. Diffusible gradi- as axonal branching and asymmetric cell division.
ents are shown in blue.
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membranes in direct contact with beads coated with
stimulating substances, it would seem less likely in the
case of a growth cone moving toward or away from Human vision adapts to the contrast of patterns by
changing its sensitivity, but the origins of this percep-a diffusible gradient of a chemotropic guidance cue.
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